Mammalian sperm undergo multiple maturation steps after leaving the testis in order to become competent for fertilization, but the molecular mechanisms underlying this process remain unclear. In terms of identifying factors crucial for these processes in vivo, we found that lipocalin 2 (Lcn2), which is known as an innate immune factor inhibiting bacterial and malarial growth, can modulate sperm maturation. Most sperm that migrated to the oviduct of wild-type females underwent lipid raft reorganization and glycosylphosphatidylinositol-anchored protein shedding, which are signatures of sperm maturation, but few did so in Lcn2 null mice. Furthermore, we found that LCN2 binds to membrane phosphatidylethanolamine to reinforce lipid raft reorganization via a PKA-dependent mechanism and promotes sperm to acquire fertility by facilitating cholesterol efflux. These observations imply that mammals possess a mode for sperm maturation in addition to the albumin-mediated pathway.
INTRODUCTION
After leaving the testis, mammalian sperm acquire various modifications in the male and female reproductive tracts in order to complete fertilization competency. Capacitation is one of the most important steps in the sperm maturation process, which occurs in the female reproductive tract and is possibly affected by humoral factors and/or the interaction between the sperm and the oviductal epithelium (Yanagimachi, 2009; Ikawa et al., 2010; Smith and Yanagimachi, 1990) . During capacitation, the sperm outer membrane undergoes cholesterol depletion, which is associated with signaling processes such as protein kinase A (PKA) activation toward protein tyrosine phosphorylation (Visconti et al., 1995; Travis and Kopf, 2002; Visconti, 2009; Bailey, 2010; Signorelli et al., 2012) . Another important step is the acrosome reaction (AR) Litscher, 2001, 2008) . The acrosome is a Golgiderived organelle that overlies the sperm nucleus in the apical region of the sperm head. During the AR, the outer acrosomal membrane and the plasma membrane of sperm fuse, followed by exposure of the inner acrosomal membrane and the release of acrosomal components. Zona pellucida (ZP) binding of the sperm is a trigger of the AR in vivo and this process can be experimentally mimicked by treating sperm with calcium ionophore to facilitate Ca 2+ influx (Costello et al., 2009) . Only sperm that have completed the AR can exclusively penetrate the ZP and fuse with the egg plasma membrane.
In a previous study, we discovered the linkage between ganglioside GM1 relocation and glycosylphosphatidylinositolanchored protein (GPI-AP) release (Watanabe and Kondoh, 2011) . GM1 is a characteristic component and reliable biomarker of the lipid raft. However, bovine serum albumin (BSA), which is widely used for inducing sperm capacitation, alone could not induce GM1 relocation nor GPI-AP release, but could following calcium ionophore A23187 treatment, implying that these molecular movements are completed when the AR occurs (Watanabe and Kondoh, 2011) .
In terms of identifying female factors that induce such molecular movements in vivo, we find that lipocalin 2 (LCN2) can promote sperm capacitation. LCN2 is a small extracellular protein that belongs to the lipocalin family (Flower, 1996; Åkerstrom et al., 2000) . It is also well known as an innate immune factor that captures the siderophore, a molecular complex crucial for bacterial iron uptake, and suppresses bacterial growth (Goetz et al., 2002; Flo et al., 2004; Berger et al., 2006) . More recently, LCN2 was shown to suppress bloodstream malarial growth by activating both innate and adaptive immune systems via an iron metabolism-reinforcing function (Zhao et al., 2012) .
In this study, we found that GM1 relocation/GPI-AP release of the sperm membrane was strongly suppressed in the Lcn2 knockout female reproductive tract. LCN2 protein could induce GM1 relocation in a PKA-dependent manner and also cholesterol efflux, and was able to facilitate the AR in association with Ca 2+ influx and also the fertility of sperm in vitro, which are known parameters for sperm capacitation. Moreover, we discovered that LCN2 directly binds to membrane phosphatidylethanolamine (PE). These in vivo and in vitro observations indicate that LCN2 modulates fertility acquisition in sperm.
RESULTS

Identification of LCN2 in female uterotubular junction
To induce sperm maturation for the acquisition of fertility, BSA or methyl-β-cyclodextrin (M-β-CD) is commonly used, but these are artificial compounds. We aimed to identify in vivo factors that have a similar function to these compounds. For one trial, we compared the gene expression profiles of female uterotubular junction (UTJ) tissues, where sperm maturation is believed to begin, among three different statuses: status 1, estrous without mating; status 2, estrous mated with vasectomized males; and status 3, estrous mated with normal males. When we compared status 1 with status 2, or status 1 with status 3, elevations of multiple immune reaction genes were observed (data not shown). Then, we set up a comparison between status 2 and status 3. The main difference between them is that status 3 contains sperm or epididymal component stimuli, whereas status 2 does not; thus, we could detect changes of the gene expression profile directed by sperm. We found 210 genes with elevated expression in status 3 (supplementary material Table S1 ).
Aiming to find UTJ environmental factors, we searched in particular for soluble or membrane-attached proteins. Among these, we first focused on LCN2. Its expression was elevated more than 6-fold by copulation stimuli and ∼3-fold by sperm/epididymal component stimuli (supplementary material Table S1 ). LCN2 protein expression in UTJ was confirmed by immunoblotting and was significantly elevated by these stimuli (supplementary material Fig. S1 ). Moreover, it is reported that Lcn2 knockout females show a significant reduction in pregnancy rate (Berger et al., 2006) (supplementary material Fig. S3 ), which prompted us to examine LCN2 further.
LCN2 is a sperm maturation factor in the oviduct
First, EGFP (K268Q)-GPI transgenic males, a mouse strain that can be used to monitor GPI-AP release, were mated with Lcn2 knockout females; then, migrating sperm were collected from oviducts and examined for GM1 and EGFP (K268Q)-GPI statuses. We observed that GM1 relocation (Fig. 1A) or shedding of EGFP (K268Q)-GPI in the sperm head (Fig. 1B) was suppressed in the absence of Lcn2 (Fig. 1C,D) . Considering our previous investigations (Watanabe and Kondoh, 2011) , these observations suggested that LCN2 is a candidate sperm maturation factor in the female reproductive tract.
LCN2 promotes sperm capacitation in vitro
To understand the molecular mechanisms underlying LCN2-mediated sperm maturation, we prepared recombinant LCN2 protein (supplementary material Fig. S2 ) and performed further analyses in vitro. In a previous study, it was reported that LCN2 is expressed in the epididymis (Elangovan et al., 2004) . Thus, to exclude epididymal LCN2 and examine LCN2 functions quantitatively by adjusting the protein concentration, we used Lcn2 knockout mouse sperm in the following studies. This mouse shows normal in vitro (see Fig. 3 ) or in vivo (supplementary material Fig. S3 ) fertility. When the epididymal Lcn2 −/− sperm were treated with 40 μg/ml LCN2, which is one-hundredth of the amount of BSA in a standard treatment (4 mg/ml), GM1 relocation was significantly induced ( Fig. 2A) , an early phase signature of capacitation (Watanabe and Kondoh, 2011) . However, neither the AR, as detected by IZUMO1 relocation, nor GPI-AP release (Watanabe and Kondoh, 2011; Satouh et al., 2012) was induced by LCN2 alone ( Fig. 2B ; supplementary material Fig. S4 ). BSA is not an inducer of the AR by itself but induces capacitation, which is required to prepare sperm for the AR (Watanabe and Kondoh, 2011) . Incubation of sperm with LCN2 can prepare sperm for A23187-induced AR (Fig. 2C,D) . These lines of evidence imply that LCN2 is a capacitation-promoting factor.
GM1 movement by LCN2 depends on a PKA-mediated mechanism, but not PI3K, the Raf-MAP kinase pathway nor protein tyrosine phosphorylation One of the most rapid intracellular events following the induction of capacitation is the activation of PKA. It occurs within 30 min of induction, followed by other events such as phosphoinositide 3-kinase (PI3K) activation, Raf-MAP kinase signaling pathway activation or protein tyrosine phosphorylation (Visconti, 2009; Signorelli et al., 2012) . We first examined the involvement of PKA in GM1 movement. Sperm were incubated in LCN2-containing medium supplemented with the PKA inhibitor KT5720, and stained with AlexaFluor 594-conjugated cholera toxin subunit B (CTB). As shown in Fig. 2E , relocation of GM1 by LCN2 was suppressed upon PKA inhibition. By contrast, the PI3K inhibitor AS605240 had no effect.
Then, the manner of downstream signaling events was examined. After incubating sperm with BSA, protein tyrosine phosphorylation is induced (Bailey, 2010) . We examined this after LCN2 treatment, but found no induction, even with an excess amount, in contrast to BSA or M-β-CD (supplementary material Figs S5 and S6). Moreover, we found that Raf kinase inhibitor protein (RKIP) was downregulated in BSA-treated or M-β-CD-treated sperm, suggesting activation of the Raf-MAP kinase signaling pathway (Minden et al., 1994) , but this did not occur in LCN2-treated sperm (supplementary material Fig. S5 ). These observations suggest that LCN2-mediated lipid raft movement is mediated by PKA action, but, unlike BSA or M-β-CD, does not depend on downstream signaling events.
LCN2 can induce cholesterol efflux
Next, we examined whether LCN2 can facilitate cholesterol efflux, a well-known phenomenon in sperm capacitation. As shown in 2F , marked cholesterol efflux was observed, confirming that LCN2 induces capacitation. Notably, LCN2 could again remove cholesterol at a similar efficiency to the 100-fold greater amount of BSA present in a standard treatment.
LCN2 promotes in vitro fertilization
We then examined the effect of LCN2 on in vitro fertilization (IVF). As shown in Fig. 3A , LCN2 possesses the ability to increase IVF efficiency. Moreover, when embryos obtained from LCN2-mediated IVF were transferred to pseudo-pregnant females, normal pups (Fig. 3B) were obtained in reasonable numbers (129 newborns after 299 embryos transferred).
LCN2 binding to sperm membrane induces lipid raft movement
To clarify the biological significance of LCN2 binding to the sperm membrane, we treated epididymal sperm with biotinylated LCN2 and monitored for LCN2 binding and lipid raft movement over the same timecourse. LCN2 binding was first detectable after 30 min of incubation ( Fig. 4A,C) . More than 80% of LCN2-bound sperm showed GM1 staining throughout the sperm head. By contrast, almost all LCN2-deficient sperm showed a hazy pattern (Fig. 4B ). When sperm were incubated for up to 120 min, the number of LCN2-bound sperm increased in a time-dependent manner ( Fig. 4C ). In the same timecourse, GM1 staining throughout the entire head sperm increased (Fig. 4D ), implying that LCN2 induces GM1 movement as soon as it binds to the sperm surface.
LCN2 binds to membrane PE
To clarify the exact LCN2 capacitation process, we searched for hydrophobic molecules captured by LCN2. LCN2 was first contacted with a membrane spotted with multiple plasma membrane lipids, and its specific binding to PE was detected (Fig. 5A) . Notably, LCN2 did not bind to cholesterol, suggesting that it cannot capture cholesterol, in contrast to BSA. In this assay, the blot of PE was rather heterogeneous. To investigate whether this might have been caused by the presence of multiple PE species in the spot, we used synthetic mono-PE molecules in the following studies. First, we undertook examinations with representative membrane PE, dipalmitoyl PE (PPPE) or palmito-oleyl PE (POPE). When we spotted PEs at a series of concentrations and contacted them with LCN2, we found that LCN2 bound to PPPE, but not to POPE, in a dose-dependent manner ( Fig. 5B; supplementary material Fig. S7 ). Again, LCN2 did not bind to cholesterol, even at high concentration. Then, we compared multiple PE species, including PPPE, POPE, distearoyl PE (SSPE) and lyso PE (LPE), and found that LCN2 specifically bound to PE in which both acyl chains are saturated, such as PPPE and SSPE, suggesting the requirement for a saturated acyl chain in the sn-2 position of PE for binding (Fig. 5C ). Next, we examined whether LCN2 binds to sperm membrane via PE. Recombinant LCN2 was conjugated with biotin, contacted to the sperm and detected with fluorescently labeled streptavidin. LCN2 bound to the sperm membrane (Fig. 5D, middle) , which was consistent with a previous report (Elangovan et al., 2004) . This binding of LCN2 was suppressed by cinnamycin, a peptide toxin derived from Streptomyces that specifically binds to PE (Zhao, 2011; Makino et al., 2003) , indicating that LCN2 binds to sperm membrane via PE, and possibly PPPE or SSPE (Fig. 5C ). Furthermore, we examined whether LCN2 binding to PE competes with cinnamycin. After incubating sperm in HTF-PVA or HTF-PVA-LCN2 followed by fixing with methanol, biotinconjugated cinnamycin was applied and detected with fluorescently labeled streptavidin. The majority of sperm without LCN2 treatment showed cinnamycin binding, whereas sperm treated with LCN2 were abrogated for this binding (Fig. 5E,F) , confirming that LCN2 binds directly to PE.
DISCUSSION
It was reported that sperm that undergo AR prior to ZP binding are more likely to fertilize successfully (Jin et al., 2011) . Thus, acrosomereacted sperm in the oviduct might be favorable for fertilization in vivo. The number of such sperm is diminished in Lcn2 knockout oviduct, indicating that LCN2 could lead the majority of migrating sperm to complete the maturation process prior to ZP binding. Previously, it was demonstrated that LCN2 suppresses the AR and IVF induced by BSA (Lee et al., 2005) . According to this observation, LCN2 might also suppress the albumin-mediated capacitation pathway in vivo. As shown in Fig. 1 , sperm that migrated to the oviduct lacking LCN2 exhibited neither GM1 relocation nor GPI-AP release (see Lcn2 −/− columns), which are signatures of BSA-mediated capacitation; although the pregnancy rate of these females was lower than in the wild type, a comparable number of pups could be obtained (Berger et al., 2006 ) (supplementary material Fig. S3 ). This might be explained by a compensation mechanism mediated by albumin. When LCN2 is absent, the albumin-mediated capacitation pathway might become active, followed by the ZP-induced AR (supplementary material Fig. S8) . Moreover, GPI-AP shedding was observed in vivo but not in vitro (compare Fig. 1D and supplementary material Fig. S4 ). However, both GM1 and IZUMO1 relocations were reinforced by A23187 treatment (Fig. 2C,D) , suggesting that other in vivo factors might cooperate with LCN2 to facilitate sperm maturation. To test one possibility, we treated sperm with LCN2 in the presence of progesterone (Coy et al., 2012) , an AR-inducing factor, but found no cooperative effects (data not shown). Therefore, in vivo factors that facilitate LCN2-mediated sperm maturation remain to be identified in future studies.
Here, we also discovered that LCN2 directly binds to PE, particularly highly hydrophobic species. A previous report described that LCN2 binds to the sperm surface, and is then internalized and distributed throughout the cytosol (Elangovan et al., 2004) . It is well known that PE is a major phospholipid of the inner leaflet of the plasma membrane, but is present in low quantities in the outer leaflet, leading to the asymmetric localization of phospholipid. Previously, it was reported that a capacitating agent, bicarbonate, causes collapse of this asymmetric localization via a PKA-dependent mechanism and some PE remains in the outer leaflet (Gadella and Harrison, 2000) . Thus, it is possible that capacitation induced by bicarbonate exposes PE to the sperm surface and leads to LCN2 binding. A rapid intracellular event after the induction of capacitation is the activation of PKA, which occurs within 30 min of induction. Since lipid raft movement induced by LCN2 is also PKA dependent and starts soon after LCN2 binding to the sperm surface, bicarbonate and LCN2 might cooperatively facilitate the early phase of capacitation.
However, LCN2 action is not PI3K dependent and cannot induce protein tyrosine phosphorylation nor activate the Raf-MAP kinase pathway, which are late events (∼120 min) after PKA activation. These reactions are linked to hyperactivation of sperm motility (Visconti, 2009; Signorelli et al., 2012) . Therefore, LCN2 is only required for lipid raft movement in the sperm head, but is not necessary to induce late events in the sperm flagellum. Since LCN2 induces cholesterol efflux and AR with calcium ionophore, it can prepare the sperm head membrane for ZP binding or egg fusion to complete fertilization (Fig. 3A) .
Although the machinery for the AR is conserved from primitive animals to mammals, capacitation is specific to animals in which fertilization occurs in the female reproductive tract (Yanagimachi, 1988) . Sperm and components of semen are foreign agents for females. Indeed, we observed the host defense machinery of the female reproductive tract dealing with them in the same way as with microbes (supplementary material Table S1 ). However, mammalian sperm seem to have adapted to this environment and utilize in situ factors to achieve full fertilization ability. Our findings might provide the first evidence of cross-talk between the innate immune and reproductive systems.
MATERIALS AND METHODS
Microarray analysis
Total RNA samples were prepared from UTJ tissues of ten CD-1 females with three different statuses: (1) estrous without mating; (2) estrous mated with vasectomized males; (3) estrous mated with normal males. Gene expression profiles were compared between statuses 1 and 2, 1 and 3, or 2 and 3 using a microarray system (Agilent Technologies). Data are deposited in Gene Expression Omnibus (GEO) under accession number GSE56620. A total of 210 genes exhibiting more than double expression in status 3 compared with status 2 were identified.
Preparation of recombinant LCN2 protein
Lcn2 cDNA was obtained by reverse transcription (RT)-PCR using mouse uterus cDNA as a template and the following primer pair: 5 0 -TGAATTCCA-CCATGGCCCTGAGTGTCATGTGTCTGG-3 0 and 5
This encodes a C-terminal FLAG-tagged version of LCN2 protein (LCN2-FLAG). The CAAG vector, which was cleaved with EcoRI followed by bluntending, was ligated with the PCR product. Transfected CHO cells were cultured with CD OptiCHO protein-free chemically defined medium (Life Technologies) and the culture supernatant collected. Recombinant LCN2 protein was captured using an anti-FLAG M2-agarose affinity column (Sigma) and eluted from the column using 0.1 mg/ml FLAG peptide (Sigma). The peak fraction of recombinant protein was collected and excess FLAG peptide removed using a Microcon Ultracel YM-10 centrifugal filter device (Millipore). Purity of the protein was examined by SDS-PAGE followed by staining with GelCode Blue Stain (Thermo Fisher Scientific) (supplementary material Fig. S2 ).
Animal maintenance
CAAG-EGFP (K268Q)-GPI transgenic mice were screened by PCR of siblings using tail DNA as template with the following primers: 5 0 -TTCTTCAAGGACGACGGCAACTACAAGACC-3 0 and 5 0 -GTCACG-AACTCCAGCAGGACCATGTGATCG-3 0 . Lcn2 knockout mice were screened by PCR using 5 0 -GGTTTGGTGGCAGGCTATTA-3 0 and 5 0 -CA-GAGTGGCTTTCCCCATAA-3 0 for the wild-type allele, and 5 0 -TGCT-CCTGCCGAGAAAGTAT-3 0 and 5 0 -CTCTTCCTCCTCCAGCACAC-3 0 for the knockout allele. These transgenic and knockout mice are based on the C57BL/6 genetic background. All animals were housed in a specific pathogenfree (SPF) grade facility and all experiments were approved by the Animal Experiment Committees of the Institute for Frontier Medical Sciences and Kyoto University.
Sperm collection, incubation, GM1 staining and observation
We used human tubular fluid (HTF)-based medium (101.61 mM NaCl, 4.69 mM KCl, 0.2 mM MgSO 4 , 0.4 mM KH 2 PO 4 , 6.42 mM CaCl 2 , 25 mM NaHCO 3 , 2.77 mM glucose, 3.4 μg/ml sodium lactate, 0.34 mM sodium pyruvate, 0.2 mM penicillin G sodium salt, 0.03 mM streptomycin and 0.4 μl 0.5% Phenol Red) supplemented with 1 mg/ml polyvinyl alcohol (PVA) (Sigma) (HTF-PVA medium) for sperm incubation and IVF. To induce in vitro fertility, HTF-based medium was supplemented with 40 μg/ml recombinant LCN2, 4 mg/ml BSA (Sigma) or 0.45 mM M-β-CD (Sigma) (HTF-PVA-LCN2, HTF-BSA or HTF-PVA-M-β-CD media). Sperm from the cauda epididymis were incubated in these media for 120 min; more than 90% of sperm were motile even after this incubation time. After incubation, 10 mM EDTA was added to the samples and they were spread on glass slides followed by air drying and fixation with methanol. To visualize GM1, AlexaFluor 594-conjugated CTB (Molecular Probes) was applied to the samples. To observe the state of EGFP (K268Q)-GPI in vivo, ejaculated sperm were collected from the ampulla of oviducts by flushing with HTF-PVA. More than 90% of sperm were motile in the ampulla.
Calcium ionophore treatment for inducing AR
A 1 mM A23187 calcium ionophore (Sigma) stock solution was prepared with dimethyl sulfoxide (DMSO, Sigma). Epididymal sperm were incubated in HTF-PVA or HTF-PVA-LCN2 for 120 min and then further incubated by adding 10 μM A23187 for 60 min.
PKA or PI3K inhibitor treatments
Epididymal sperm were incubated in HTF-PVA-LCN2 supplemented with 1.0 μM KT5720 PKA inhibitor (Wako Chemicals) or 5.0 μM AS605240 PI3K inhibitor (Wako Chemicals) for 120 min, fixed with methanol and stained with AlexaFluor 594-conjugated CTB. The LIVE/DEAD Sperm Viability Kit (Molecular Probes) was used to examine sperm viability following the manufacturer's protocol.
Immunostaining of IZUMO1 to examine the AR Sperm were fixed with 4% neutral buffered formalin, contacted with a rat monoclonal antibody against mouse IZUMO1 (Inoue et al., 2008; Satouh et al., 2012) and then visualized with AlexaFluor 594-conjugated rabbit anti-rat IgG (Molecular Probes). Sperm were observed under a fluorescence microscope (Olympus).
In vitro fertilization
Adult C57BL/6J females (more than 10 weeks old) were superovulated by injecting them with 6.7 IU of pregnant mare serum gonadotropin (Teikoku Zoki, Japan) followed 48 h later with 6.7 IU of human chorionic gonadotropin (Teikoku Zoki). Ovulated eggs surrounded by a cumulus mass were collected from the oviducts 16 h after the second injection. Eggs with cumuli were incubated in 200 μl HTF-PVA and overlaid with mineral oil. Sperm from the cauda epididymis were preincubated in 100 μl HTF-PVA, HTF-PVA-LCN2, HTF-BSA or HTF-PVA-M-β-CD for 2 h and then added to the egg drop at a final concentration of ∼1.0×10 5 sperm/ml. Eggs were washed with modified Whitten's medium (mWM; 109.51 mM NaCl, 4.78 mM KCl, 1.19 mM MgSO 4 , 1.19 mM KH 2 PO 4 , 22.62 mM NaHCO 3 , 5.55 mM glucose, 1.49 mM calcium lactate, 0.23 mM sodium pyruvate, 50 μM EDTA, 10 μM β-mercaptoethanol, 0.2 mM penicillin G sodium salt, 0.03 mM streptomycin, 3 mg/ml BSA and 0.2 μl 0.5% Phenol Red) after 7 h contact with the sperm, and then incubated in fresh mWM for another 16 h. To quantitate fertilization, the percentage fertilization value was determined as follows: % fertilization=(number of 2-cell embryos/total number of unfertilized eggs and 2-cell embryos) ×100. Values are mean±s.d.
Measurement of cholesterol
Sperm from the cauda epididymis of wild-type mice were incubated in 1 ml HTF-PVA, HTF-PVA-LCN2, HTF-BSA or HTF-PVA-M-β-CD for 120 min and then supernatants were collected by centrifugation at 500 g for 5 min. The amount of cholesterol in the supernatants was quantified using a colorimetric enzyme assay kit (cholesterol quantitation kit from Biovision) according to the manufacturer's protocol.
Immunoblotting UTJ tissues were obtained and homogenized in a buffer comprising 50 mM Tris pH 8.0, 150 mM NaCl and Complete Protease Inhibitor Cocktail (Roche). After centrifugation at 25,000 g, the supernatants were collected and assayed for protein content. First, 10 μg protein per sample was subjected to SDS-PAGE. Then, 2.5×10 5 sperm incubated in HTF-PVA, HTF-PVA-LCN2, HTF-BSA or HTF-PVA-M-β-CD for 120 min were boiled in 25 μl SDS-PAGE sample buffer and subjected to SDS-PAGE. Gelseparated samples were electrophoretically transferred onto a nitrocellulose membrane. The membranes carrying UTJ sample were probed with rabbit polyclonal antibody against mouse LCN2 (Santa Cruz Biotechnology, sc-50351) and membranes with sperm samples were probed with a mixture of 4G10 Platinum anti-phosphotyrosine (Millipore) and PY20 antiphosphotyrosine (Invitrogen) antibodies or rabbit polyclonal anti-RKIP antibody (Santa Cruz Biotechnology, sc-28837). Antibody binding was detected and visualized using the ECL Plus system (GE Healthcare). The blot transfer efficiency was checked by staining with Coomassie Brilliant Blue (Sigma) after immunoblotting. Densities of LCN2 or albumin bands of UTJ samples were quantified with a Molecular Devices densitometer.
Monitoring LCN2 binding
To monitor LCN2 binding to sperm, HTF-PVA was supplemented with 40 μg/ml biotinylated recombinant LCN2, and sperm from the cauda epididymis were incubated for up to 120 min; more than 90% of sperm were motile even after this incubation time. After incubation for the indicated time, 10 mM EDTA was added to the samples and they were placed on ice to stop further reaction and sperm swimming. Sperm samples were then spread on a glass slide, air dried and fixed with methanol. LCN2 binding was visualized using AlexaFluor 488-conjugated streptavidin (Molecular Probes). To visualize GM1, AlexaFluor 594-conjugated CTB was added at the same time.
Lipid-binding assay
Membrane lipid strips (Echelon Bioscience, P-6002) or Immobilon-P transfer membrane (Millipore) spotted with the indicated amounts of 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (PPPE, PE-C16:0/C16:0), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE, PE-C16:0/ C18:1), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (SSPE, PE-C18:0/ C18:0), 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine (lysoPE, LPE, PE-C16:0/OH) (all Avanti Polar Lipids) and cholesterol (Sigma) were first contacted with 4 μg/ml LCN2 in HTF-PVA supplemented with 1 mM ethanolamine (Sigma) for 16 h and then with anti-FLAG antibody M2 (Sigma) for 5 h. Antibody binding was detected and visualized using the ECL Plus system.
Sperm staining with biotinylated peptides
One milligram of cinnamycin (Sigma) or 30 μg recombinant LCN2 was biotin conjugated with EZ-Link NHS-LC-Biotin (Thermo Fisher Scientific) according to the manufacturer's protocol. After 120 min of incubation on ice, the reaction was terminated by adding 1 M lysine (Sigma). Excess biotin reagent was removed for cinnamycin using PepClean C-18 spin columns (Thermo Fisher Scientific) or for LCN2 using a Microcon Ultracel YM-10 centrifugal filter device (Millipore). Sperm samples smeared on glass were air dried and fixed with methanol. Biotinylated cinnamycin or LCN2 was diluted with HTF-PVA to 2 μg/ml and applied to the sample. For the competition assay, 0.1 mg/ml final concentration of unlabeled cinnamycin was added to biotinylated LCN2 samples. Peptide binding was visualized using AlexaFluor 488-conjugated streptavidin (Molecular Probes).
Statistical analysis
All data for statistical analyses are displayed in supplementary material Table S2 . Differences between two groups or multiple means were analyzed by t-test using Microsoft Excel software or the ANOVA4 website, respectively. Statistical significance was defined as P<0.05.
